Abstract A thermophilic spore-forming bacterium (strain AMP) was isolated from a thermophilic methanogenic bioreactor that was fed with cobalt-deprived synthetic medium containing methanol as substrate. 16S rRNA gene analysis revealed that strain AMP was closely related to the acetogenic bacterium Moorella thermoacetica DSM 521 T (98.3% sequence similarity). DNA-DNA hybridization showed 75.2 § 4.7% similarity to M. thermoacetica DSM 521 T , suggesting that strain AMP is a M. thermoacetica strain. Strain AMP has a unique one-carbon metabolism compared to other Moorella species. In media without cobalt growth of strain AMP on methanol was only sustained in coculture with a hydrogen-consuming methanogen, while in media with cobalt it grew acetogenically in the absence of the methanogen. Addition of thiosulfate led to sulWde formation and less acetate formation. Growth of strain AMP with CO resulted in the formation of hydrogen as the main product, while other CO-utilizing Moorella strains produce acetate as product. Formate supported growth only in the presence of thiosulfate or in coculture with the methanogen. Strain AMP did not grow with H 2 / CO 2 , unlike M. thermoacetica (DSM 521 T ). The lack of growth with H 2 /CO 2 likely is due to the absence of cytochrome b in strain AMP.
Introduction
Carboxydotrophic hydrogenogens are anaerobic bacteria that can grow on carbon monoxide and produce H 2 and CO 2 as sole products. Carboxydothermus hydrogenoformans was identiWed as the Wrst strict anaerobic moderately thermophilic bacterium capable of CO oxidation and H 2 evolution (Svetlichny et al. 1991 ). C. hydrogenoformans produces H 2 via a monofunctional CODH, an energy conserving hydrogenase (ECH) and a ferredoxin-like protein B that mediates electron transfer between CODH and ECH (Shelver et al. 1997; Soboh et al. 2002) . Carboxydotrophic hydrogenogenic growth is only found in less than ten obligate anaerobic bacteria and one achaeon (see Sipma et al. 2006) . Only a few are obligate carboxydotrophic (Svetlichny et al. 1994; Sokolova et al. 2002) , while others can also grow heterotrophically on other organic carbon compounds (Pusheva and Sokolova 1995; Sokolova et al. 2001 Sokolova et al. , 2004 Slepova et al. 2006) .
Anaerobic growth on CO has also been described for some so called homoacetogenic bacteria that produce acetate and CO 2 as products. Among the wide diversity of homoacetogens, spore-forming thermophilic acetogenic bacteria are all members of the genus Moorella (Drake et al. 2008 ). This genus consists of Wve validated species and several undescribed strains. Most Moorella species grow on diverse sugars, organic acids, C1 compounds, including methanol, formate and carbon monoxide, and H 2 / CO 2 . Only M. glycerini is not able to grow on methanol, formate and H 2 /CO 2 (Slobodkin et al. 1997) . Moorella strains can use thiosulfate, and some Moorella strains also use nitrate or perchlorate as electron acceptor for growth (Drake and Daniel 2004; Balk et al. 2008) . We describe here the isolation of a spore-forming bacterium (strain AMP) from thermophilic sludge treating methanol-containing wastewater. The bacterium was closest related to Moorella thermoacetica. Strain AMP grew acetogenically on methanol, but grew hydrogenogenically on CO.
Materials and methods

Source and isolation of microorganisms
Strain AMP was isolated from a methanol-degrading culture that was enriched from thermophilic sludge of a labscale bioreactor (Paulo et al. 2004) . The starting material of that reactor was sludge from an anaerobic pilot reactor treating paper mill wastewater Wrst at 40°C and later at 55°C (Paques BV, Balk, The Netherlands). Methanothermobacter thermautotrophicus strain NJ1 was isolated from the same enrichment culture (unpublished results). M. thermoacetica DSM 521 T was obtained from the Deutsche Sammlung für Mikroorganismen und Zellkulturen (DSMZ, Braunschweig, Germany).
Strains were cultivated in a bicarbonate buVered mineral medium, unless stated otherwise, prepared as described previously (Stams et al. 1993) . Vitamin B 12 , and where indicated CoCl 2 , was omitted from this medium. Routine cultivation was carried out in 117-mL serum bottles with 50 mL medium and a N 2 /CO 2 (80:20%, v/v) gas phase at a pressure of 170 kPa. CO or H 2 replaced N 2 when used as substrate. Methanol (40 mM) was used as sole carbon and energy source for enrichment and isolation. Substrates and electron acceptors were added from neutralized sterile stock solutions to a Wnal concentration of 10 mM, unless stated otherwise. To make soft agar media, 8 g/L agar (Difco) was added to the medium. Yeast extract and peptone (Difco) were amended at concentrations of 0.2 g/L, when indicated. For enrichment and isolation incubations were done at 55°C. Subsequent cultivation experiments were performed at 65°C. Coculture experiments were performed by inoculating cultures of strain NJ1 and strain AMP at an inoculum size of 5% each (v/v).
Strain AMP was isolated by repeated serial dilutions in liquid methanol-containing media [with addition of CoCl 2 (0.5 M)] using an autoclaved (121°C for 1 h) culture as inoculum for serial dilutions. The highest dilution with growth was then diluted in soft-agar media. After growth, well-separated colonies were picked, inoculated and diluted in liquid medium with bromoethanesulfonate (Bres, 10 mM) and penicillin G (2 mg/mL). Cultures were obtained with cells of single type morphology as checked by phase-contrast microscopy. The culture that grew in the highest dilution was designated strain AMP. Purity was conWrmed by growth tests in mineral media and in media supplemented with yeast extract and peptone, and in anaerobic Wilkins-Chalgren broth (Oxoid, Basingstoke, UK) amended with thiosulfate and pyruvate.
Physiological characterization
Electron donor and electron acceptor utilization by strain AMP were tested in the bicarbonate buVered mineral medium (amended with CoCl 2 ). Growth on a substrate was conWrmed by substrate consumption, product formation, increase in culture turbidity and in most cases subsequent transfers in fresh media. The results presented in the Wgures and tables are representatives of replicate experiments, and the variations in the measurements were less than 10%. Temperature, salt (NaCl), and pH optima of growth were analyzed in the bicarbonate buVered mineral medium with methanol (40 mM) as substrate. pH values in the range from 5.0 to 9.0 were created by the addition of calculated amounts of 1 M HCl or 1 M NaOH. Cultures were incubated in a temperature range from 37 to 75°C. Optimal salt concentrations were tested in the range of 10-500 mM NaCl. Gram-staining was performed as described by Gerhardt et al. (1994) .
Phylogenetic analysis DNA of strain AMP was extracted as described by Zoetendal et al. (1998) . The 16S rRNA gene was ampliWed by PCR using the 7f and 1492r primer set (Invitrogen, Breda, The Netherlands). AmpliWed 16S rRNA gene fragments were ligated in pGEM-T Easy vector (manufacturer). Escherichia coli strain JM109 (Promega, Madison, WI, USA) was transformed with the ligation product. Randomly selected colonies of recombinant clones were reampliWed by PCR with the vector speciWc primers T7 and Sp6 (Promega, Madison, WI, USA). ReampliWed DNA fragments were sequenced according to the manufacturer's instructions (Amersham, Slough, United Kingdom) with IRD800-labeled sequencing primer sets Sp6 and T7 (Promega, Madison, WI, USA), 533f and 1100r (Lane 1991) .
Obtained 16S rDNA sequences (1,528 bp) were compared to sequences deposited in the NCBI database (Benson et al. 2004) . 16S rRNA gene sequences were aligned using ARB software package (Ludwig et al. 2004 ). Phylogenetic trees based on 16S rRNA gene sequences were constructed using the neighbor-joining method (Saitou and Nei 1987) . Bootstrap values were calculated using neighborjoining analysis of 1,000 replicate data sets by SeqBoot and subsequent re-evaluation by DNAPARS, both implemented in the Phylip software package (Felsenstein 1989) .
Genomic DNA was isolated according to Visuvanathan et al. (1989) and puriWed as described (Cashion et al. 1977) . The G + C content of the genomic DNA was determined at the identiWcation service of the DSMZ (Braunschweig, Germany) by HPLC analysis (Mesbah and Whitman 1989; Tamaoka and Komagata 1984) . DNA homology was determined using the reassociation method described by De Ley et al. (1970) .
Enzyme assays
Cells were cultivated on the indicated substrates. Cells were harvested in the late logarithmic phase by centrifugation. Cell-free extracts were prepared by osmotic shock under anoxic conditions and sonication using lysozyme as described previously (Lundie and Drake 1984) . Soluble fractions and membrane fractions were obtained by ultracentrifugation of cell-free extracts (Hugenholtz et al. 1987) . Carbon monoxide dehydrogenase (CODH), formate dehydrogenase (FDH) and hydrogenase (H 2 -ase) activities were assayed in 50 mM Tris-HCl (pH 8.5) containing benzylviologen (BV, 5 mM) and dithiothreitol (DTT, 1 mM) at 55°C by using a U2010 spectrophotometer (Hitachi, Japan) as previously described (Hugenholtz et al. 1987) . H 2 -evolution activity (MV-H 2 ) was assayed in 50 mM MOPS/KOH buVer at pH 7.0 and 2 mM DTT with reduced methyl viologen (MV, 2 mM) according to Soboh et al. (2002) .
Analytical methods
Organic acids were measured by HPLC as described (Stams et al. 1993 ). Gases and alcohols were measured by gas chromatography as described (Balk et al. 2003; Henstra and Stams 2004) . Nitrate, thiosulfate, and sulfate were analyzed by an HPLC system equipped with an Ionpac AS9-SC column and ED40 electrochemical detector (Dionex, Sunnyvale, CA, USA) as described (Scholten and Stams 1995) . Cell dry-weights were analyzed as described (Savage and Drake 1986). SulWde was analyzed by the method of Trüper and Schlegel (1964) . To detect the cytochrome b, O 2 -oxidized membrane fractions were reduced by sodium dithionite, and the reduced-minus-oxidized spectra were recorded with a dual-beam spectrophotometer (Hitachi U2010, Japan) as described by Fröstl et al. (1996) . Protein was determined according to the Bradford method with bovine serum albumin as a standard (Bradford 1976) .
Results
Enrichment and isolation
Strain AMP was isolated from a methanol-degrading culture that was initially enriched in laboratory scale anaerobic bioreactors operated at 55°C (Paulo et al. 2002 (Paulo et al. , 2004 . Further enrichment through serial dilutions in cobalt-free medium resulted in a coculture that consisted of autoXuorescent rods and spore-forming rods. Methane was the end product of methanol conversion by that coculture. Serial dilutions of a heat-treated coculture in cobalt-amended agar media resulted in a pure culture of the spore-forming bacterium. Strain AMP has been deposited in the DSMZ (Braunschweig, Germany) as M. thermoacetica strain AMP (DSM 21394). Additionally, the methanogenic strain NJ1 was isolated from this coculture by serial dilutions using H 2 /CO 2 as sole energy and carbon sources. The 16S rRNA gene of strain NJ1 was 99.5% similar to that of Methanothermobacter thermautotrophicus strain H. Strain NJ1 was not able to grow with methanol, formate and acetate (results not shown).
Morphology and optimal growth conditions
Strain AMP is a rod shaped, Gram-positive, spore-forming bacterium. Cells of strain AMP grown on methanol were 0.4-1.2 m wide, and 5-14 m long (Fig. 1) . In old cultures, round swollen terminal endospores were observed. Exponentially growing cells were generally longer than sporulating cells. It was observed that immature spores that had a balloon-like appearance, released from cells and disintegrated under exposure of oxygen. Cells were shorter and spores were hardly observed when grown on pyruvate or lactate.
Strain AMP grew at a temperature range of 42-75°C with optimal growth between 60 and 65°C. Growth was observed at a pH of 5.0-8.5 with optimal growth at pH 6.9. Growth rates remained unchanged when NaCl concentrations were below 150 mM. Lower growth rates were observed with NaCl concentrations of 200 mM and above, while no growth occurred at a NaCl concentration of 400 mM or higher.
Phylogeny of strain AMP
The 16S rRNA gene of strain AMP (1,528 bp) was sequenced and is accessible under Genbank accession number AY884087. A neighbor-joining tree based of 16S rRNA gene sequences was constructed and indicated that strain AMP fell into the cluster of the genus Moorella (Fig. 2) T , which is just above the threshold value of 70% for the deWnition of species (Wayne et al. 1987) Substrate utilization Strain AMP has a diVerent substrate proWle than M. thermoacetica and M. thermoautotrophica (Table 1) . It grew on pyruvate, lactate, mannose, methanol (40 mM), vanillate (5 mM), vanillin (5 mM), and CO/CO 2 (headspace, 80:20%, v/v, 170 kPa). Acetate was the major end product after growth of strain AMP on these substrates (except on CO/CO 2 ) ( Table 2 and data not shown). We did not analyze the formation of aromatic compounds from vanillate and vanillin. The following substrates were tested but not utilized by strain AMP (even not in media amended with yeast extract and peptone): H 2 /CO 2 (headspace, 80:20%, v/v, 170 kPa), acetate, ethanol, n-propanol, glycerol, glucose (5 mM), melibiose (5 mM), raYnose (2 mM), rhamnose (2 mM), trehalose (5 mM), arabinose, cellobiose, cellulose, galactose, lactose, maltose, xylose, mannitol, melezitose, ribose (5 mM), sorbitol, starch (0.5 g/L), sucrose, and benzoate. Similar to other Moorella species, thiosulfate was used as electron acceptor by strain AMP. This resulted in the formation of sulWde as major product. Strain AMP was only capable of sustained growth with formate and fructose in the presence of thiosulfate. With methanol or lactate as electron donors, nitrate, sulfate, and fumarate were not used as electron acceptors by strain AMP.
Methanol was readily utilized as energy and carbon source by strain AMP (Fig. 3) . The ratio of acetate formed to methanol consumed was 0.74 (Table 2 ). The complete consumption of 40 mM methanol by strain AMP took 6 days at a cobalt concentration of 0.5 M. When cobalt was not added, it took more than 16 days to convert the same amount of methanol to acetate (Table 3 ). In the latter case residual cobalt concentrations were about 0.025 M. Repeated transfer in methanol-containing media without cobalt was not possible. Cobalt limitation in cocultures of strain AMP and Methanothermobacter strain NJ1 resulted in more methane and less acetate production (Table 3) , but methanol conversion rates were four times lower than in cobalt-amended cocultures. These cocultures could be repeatedly transferred in methanol-containing media without cobalt.
Growth of strain AMP with CO resulted in the formation of H 2 as main products (Fig. 4) . When grown with 34 kPa CO the amount of acetate detected was below 0.2 mM. Higher CO conversion rates were observed at higher partial pressures. With 85 and 136 kPa CO some acetate was detected in the culture liquid, but the concentration never exceeded 2 mM. At the end of the incubation the optical density at 600 nm of the cultures had increased from 0.025 to 0.086 (34 kPa), 0.112 (85 kPa) and 0.134 (136 kPa), respectively, indicating that CO conversion to H 2 and CO 2 was coupled to growth. This was further conWrmed by six successive transfers in fresh mineral medium with CO as sole energy and carbon source.
As methanol conversion resulted in acetate formation and CO conversion in hydrogen formation, we also investigated mixed substrate utilization by strain AMP. Figure 3 shows methanol and CO consumption in cultures inoculated with CO-adapted cells. Production of acetate and consumption of methanol in the culture with methanol and CO (P CO Fig. 2 Phylogenetic tree based on 16S rRNA gene sequence analysis showing the position of strain AMP within the Moorella genus. The tree was constructed using the neighbor-joining method embedded in ARB package (Saitou and Nei 1987; Ludwig et al. 2004 ). The bar represents 10% sequence divergence 34 kPa) were similar as with methanol alone. In addition, H 2 was produced stoichiometrically from CO. However, when methanol-adapted cultures were incubated with methanol in the presence of 136 kPa CO, more acetate was formed. In that case, the ratio acetate formed to methanol consumed became 1.09 (Table 2 ). This resulted in less hydrogen formation. CO conversion coupled to hydrogen formation also occurred in cultures of strain AMP that were amended with pyruvate, lactate or formate, and when thiosulfate was used as electron acceptor (Table 2 ). Higher ratios of acetate produced to substrate consumed were measured in cultures with pyruvate or lactate and a CO containing gas phase, while H 2 was also formed (data not shown and Table 2 ). Formate dehydrogenase, H 2 -ase, CODH and H 2 -evolution activities were analyzed in cell-free extracts prepared from cells grown on methanol and methanol/CO. SpeciWc activities of FDH of methanol-and methanol/CO-grown cells were about 3 U (mg protein)
¡1 . H 2 -ase levels decreased from 28 to 9 U (mg protein) ¡1 and CODH levels increased from 60 to 92 U (mg protein) ¡1 when cells grew on methanol in the presence of CO. The diVerence in the spectrum of reduced versus oxidized membranes obtained from both methanol and methanol/CO grown cells showed no absorption peak around 430 and 560 nm, indicating that cytochrome b was not present in the cell membrane fractions. Similarly, we could not detect cytochrome b peaks in the cytoplasmic fraction. This suggests that cytochrome b is lacking in strain AMP. Control experiments with M. thermoacetica DSM 521
T conWrmed that the type strain did contain b-type cytochromes.
Fast growth and formate conversion were observed when strain AMP was inoculated in mineral medium with formate and thiosulfate (Fig. 5) . In these cultures 3 mM sulWde, 3.4 mmol L ¡1 H 2 (4,750 Pa) and 8.1 mM acetate were formed from 47.5 mM formate in 16 days (Fig. 5, Table 2 ). Formate did not support growth when thiosulfate was absent or replaced by sulfate, nitrate or fumarate. However, formate was utilized as a cosubstrate during growth on methanol (Table 2 ). In the absence of thiosulfate, hydrogen gradually built up to a partial pressure of 2,000 Pa in 40 days. Removal of hydrogen by replacing the headspace resulted again in a hydrogen built up to 2,000 Pa. As shown recently a coculture of strain AMP and the hydrogen-utilizing strain NJ1 grows syntrophically in mineral media with formate as sole energy and carbon substrate (DolWng et al. 2008) .
Discussion
Previously, a syntrophic methanol-degrading enrichment culture was obtained by using cobalt limited mineral media (Paulo et al. 2004 ). An obligate hydrogenotrophic methanogen, strain NJ1, and the methanol-utilizing strain AMP described here were isolated from this enrichment. This coculture resembled the Wrst described syntrophic methanol-degrading coculture (previously thought to be a pure culture, Methanobacillus kuzneceovii), that consisted of M. thermoautotrophica strain Z-99 and Methanobacterium thermoformicicum strain Z-245, but this coculture was enriched at a high cobalt concentration of 540 M (Pantskhava and Pchelkina 1969). In our experiments incubations in cobalt suYcient (0.5 M) media resulted in the enrichment and isolation of methylotrophic methanogen Methanomethylovorans thermophila (Jiang et al. 2005) . The eVect of cobalt on growth of strain AMP is not exactly clear. We assume that in the presence of cobalt strain AMP like other acetogenic bacteria employs a corrinoid-containing methyltransferase for methanol degradation (Daas et al. 1996; Stupperich and Konle 1993; Drake and Daniel 2004) . The cofactor-bound methyl group will become the methyl group of acetate in the acetyl-CoA pathway. It might be that methanol dehydrogenase is involved in the oxidation of methanol in the absence of cobalt, resulting in the formation of formaldehyde which cannot enter the acetyl-CoA pathway, but which can be oxidized to CO 2 . In M. thermoautotrophica a methanol dehydrogenase with pyrroloquinoline quinone as the prosthetic group is present (Winters and Ljungdahl 1989) , which is an indication that such an enzyme might also exist in strain AMP.
Strain AMP is an acetogen as indicated by substrate to product ratios, the presence of CODH and its phylogeny (Drake et al. 2002) . However, unlike many other acetogens strain AMP cannot grow acetogenically on H 2 /CO 2 or formate, although strain AMP could grow on formate in the presence of thiosulfate. Growth of Moorella and Sporomusa species on H 2 /CO 2 or formate depends on the activity of H 2 -ase and FDH and the presence of a membrane electron transport chain that comprises cytochrome b for energy conservation (Kuhner et al. 1997; Ljungdahl 1994) . H 2 -ase and FDH activities were detected in strain AMP, but cytochrome b was not found. The absence of cytochrome b may explain why strain AMP cannot grow acetogenically on H 2 / CO 2 or formate. A cytochrome b-deWcient mutant of Sporomusa sphaeroides BK824 (Kamlage and Blaut 1993) and M. thermoacetica (Fröstl et al. 1996 ) that fails to express cytochrome b in the presence of nitrate, were also not able to grow on these substrates in the basal media. In Acetobacterium woodii and Thermoanaerobacter kivui energy is conserved in a sodium ion gradient, in a pathway that does not involve cytochrome b (Müller and Gottschalk 1994) . Apparently, such an alternative pathway is lacking in strain AMP. Acetate is produced as a main product when strain AMP is grown on formate plus CO or formate plus thiosulfate (Table 2 ). This suggests that the acetyl-CoA pathway in strain AMP is fully functional for acetate and/or biomass synthesis. We speculate that the bacterium is not able to conserve energy in the acetyl-CoA pathway and that energy conservation takes place in other ways, like thiosulfate respiration or as discussed below by an ECH.
Strain AMP produced high amounts of hydrogen during growth on CO (Fig. 5, Table 2 ). When CO was the sole substrate hydrogen was formed stoichiometrically according to: CO + H 2 O ! CO 2 + H 2 ( G o Ј = ¡20 kJ), indicating carboxydotrophic hydrogenogenic growth of strain AMP. M. thermoacetica also produced high amounts of hydrogen in the presence of CO during growth on glucose (Martin et al. 1983 ). However, in this strain hydrogen was not derived from CO oxidation, since in the absence of glucose no hydrogen was formed from CO. It was speculated that in M. thermoacetica CO just acted as an inhibitor of the CODH-acetyl CoA synthetase (ACS) complex, which resulted in a shift from acetate formation to hydrogen formation (Kellum and Drake 1984) . It was concluded that this hydrogen production did not result in energy conservation (Drake et al. 2002; Kellum and Drake 1984) . Hydrogen was also produced when strain AMP grew on CO plus lactate, CO plus methanol and CO plus formate (Table 2) , suggesting that both bifunctional and monofunctional CODH are present in strain AMP. These complexes seem to function simultaneously or separately depending on the substrates that are provided. The monofunctional CODH in conjunction with an ECH results in a proton gradient across the cytoplasmic membrane that is the driving force for ATP synthesis as shown for C. hydrogenoformans growing on CO (Shelver et al. 1997; Soboh et al. 2002) . Strain AMP is a physiologically atypical M. thermoacetica strain. Unlike most Moorella strains strain AMP is not able to grow fermentatively on glucose, H 2 /CO 2 and formate. Similar to M. mulderi and M. glycerini (Slobodkin et al. 1997 ), strain AMP is unable to use nitrate as electron acceptor. In contrast to M. glycerini, strain AMP is unable to grow on glycerol and unable to reduce fumarate (Table 1) . Like M. thermoacetica, M. thermoautotrophica and M. perchloratireducens strain AMP could grow on CO, but the end product is H 2 rather than acetate, which is the main end product of the other three Moorella species. Thus, strain AMP is the Wrst bacterium within the Moorella genus that shows hydrogenogenic growth. The property of strain AMP to dispose reducing equivalents as hydrogen results in a dependence of hydrogen-consuming methanogens when grown on formate or on methanol, when cobalt is limiting. The conversions formate ¡ + H + ! H 2 + CO 2 ( G o Ј = ¡4 kJ) and methanol + H 2 O ! 3H 2 + CO 2 ( G o Ј = +17 kJ) can only result in energy conservation when the hydrogen partial pressure is kept low. Further comparative studies are needed to elucidate the similarities and diVerences of strain AMP and the type strain of M. thermoacetica. The available genome sequence of M. thermoacetica DSM 521
T may be very useful in this respect (Pierce et al. 2008) .
